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Synthesis and Control of the Size of Large Mordenite Crystals using 
Porous Silica Substrates 
Juliusz Warzywoda, Anthony G. Dixon, Robert W. Thompson and Albert Sacco Jr.* 
Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 0 7 609, USA 
A new method for the synthesis of large mordenite crystals from heterogeneous aluminosilicate reaction mixtures is 
presented. The method involves heat treatment of porous silica gels in air at elevated temperatures prior to their use 
in mordenite synthesis. Heat treatment lowers the surface area and pore volume (porosity) of X-ray amorphous porous 
silica gel particles without substantially changing the size of the remaining pores. Thus, a decrease in accessibility of 
the internal surface area of silica to dissolution is realized. The result is nucleation of fewer mordenite crystals which 
grow larger. The method employed to grow large mordenite crystals also leads to the formation of other crystalline 
phases (quartz and/or zeolite P,) coexisting with mordenite, the amounts of which increase owwith increasing heat 
treatment temperature of silica. For the investigated composition only large-pore (1 40 and 150 A) silica gels resulted 
in the synthesis of large mordeniteo crystals (up to 175 pm) when they were heated to 800-900 "C prior to use. The use 
of heat-treated, medium-pore (60 A) silica gel in zeolite synthesis resulted in growth of substantially smaller mordenite 
crystals with size up to 80 pm. Small-pore (22 and 25 A) silica gels could not be used to grow large mordenite crystals 
by heating them before use in syntheses. Upon heating at elevated temperatures prior to use, these silica gels resulted 
in synthesis of predominantly quartz and no significant size increase of mordenite crystals was observed at any heat- 
treatment temperature. It is also shown that the combination of heat and mechanical (grinding) treatments of porous 
silica allows control of the crystallization and the size of mordenite crystals. 
Many novel industrial processes and materials require the 
application of large zeolite crystals.'-5 However, at present, 
routine methods of synthesis of large zeolite crystals are not 
known. ZSM-5 and zeolite X crystals have been systematically 
grown to large sizes under hydrothermal conditions by careful 
control of composition, dilution, temperature, agitation and 
crystallization time.6-8 Large zeolites were also reported when 
synthesized in and high-" gravity conditions, using 
aluminium-complexing agents in typical aqueous reaction 
mixtures,"-'5 or non-aqueous solvents in aqueous reaction 
mixtures with or without organic templates,I6 or using non- 
alkaline media." Seeding does not appear to be a very effective 
method of growing large zeolite crystals. Although occasion- 
ally it may result in the substantial growth of seed crystals," 
more frequently it produces only a small increase in the size 
of the  seed^,'^.^' accompanied by the agglomeration of seeds2', 
ordered21 or n ~ n - o r d e r e d ~ ~ , ~ ~  overgrowth of new crystals on 
the seed surfaces, or the formation of a new population of 
small 
Theoretical considerations and experimental results indicate 
that the synthesis of large zeolite crystals can be accomplished 
by the reduction or suppression of zeolite n ~ c l e a t i o n . " * ~ ~ - ~ ~  
Therefore, the successful control of the size of large zeolite 
crystals using this approach requires the ability to control the 
formation of zeolite nuclei. The growth of large, low Si/A1 
zeolites A and X was achieved by the use of an aluminium- 
complexing agent, triethanolamine, which released aluminium 
to the system slowly."-'3 However, high-silica zeolite ZSM-5 
with little or no aluminium, could not be grown large using 
this complexing agent.'3*26,27 
An alternative method of synthesis of large crystals of 
mordenite is presented and discussed. It involves releasing 
silica slowly into the crystallizing system without the use of a 
silicon-complexing agent. This results in nucleation of fewer 
crystals which grow larger. The method involves heating 
porous silica gels in air prior to their use in crystallizations. 
Heat treatment of porous amorphous silica gels in air at 
sufficiently high temperatures decreases their surface area and 
results in shrinkage of gels, without increasing their X-ray 
crystalline content. Gel shrinkage results in a decrease of gel 
pore volume (porosity), without substantial changes in the 
sizes of the pores remaining in the gel. These changes result 
in a decrease in accessibility of the internal surface area of 
silica to dissolution, thus reducing the silica dissolution rates. 
The method is based on the observations reported else- 
where28 that for silicic acid powders used in the dissolution- 
controlled synthesis of mordenite from reaction mixtures 
containing undissolved silica particles, the crystallization rate 
and size of the mordenite crystals depended on the specific 
surface area of the given silica source. Different silicic acid 
powders with similar surface areas resulted, however, in 
different crystallization rates and sizes of mordenite crystals. 
This suggested that the accessibility of the silica surface to 
the dissolution, and limitations of diffusion of OH-  into 
and/or dissolved silica out of the pores of silica particles can, 
under certain conditions, control mordenite crystallization. 
The heating of all investigated silicic acid powders prior to 
their use in crystallizations resulted in longer induction periods 
and overall crystallization times, and in the increase of the 
size of the resulting mordenite crystals. 
It may be hypothesized that the pore size or pore size 
distribution of a silica source may determine the accessibility 
of its internal surface area, suggesting that only the silica 
substrates with appropriate combinations of surface area and 
structure can be used successfully to grow large mordenite 
crystals (when dissolution of silica is the rate-determining step 
in crystallization). Crystallizations were carried out using 'as- 
received' and heat-treated silica gel granules with different 
average pore sizes, surface areas, and pore volumes in order 
to investigate the synthesis of large mordenite crystals and 
the control of their size in an attempt to verify this hypothesis. 
Furthermore, experimentation was performed to determine 
which commercial silica gels (large, medium or small pore) 
were the most suitable for growing large mordenite crystals 
from the batch formula employed previously28 using the 
method of heat treatment of porous silica prior to its use. 
Experimental 
The molar composition used in these syntheses of mordenite 
was: 4.32Na20 : A1203 : 19Si02 : 293.6H20.28 Technical, granu- 
D
ow
nl
oa
de
d 
by
 W
O
R
C
E
S
T
E
R
 P
O
L
Y
T
E
C
H
N
IC
 I
N
S
T
IT
U
T
E
 o
n 
18
 J
un
e 
20
12
P
ub
li
sh
ed
 o
n 
01
 J
an
ua
ry
 1
99
5 
on
 h
tt
p:
//
pu
bs
.r
sc
.o
rg
 | 
do
i:
10
.1
03
9/
JM
99
50
50
10
19
View Online / Journal Homepage / Table of Contents for this issue
1020 J. MATER. CHEM., 1995, VOL. 5 
lar sodium aluminate (Matheson, Coleman and Bell) was 
dissolved in a solution of sodium hydroxide (granular, 97 + Yo, 
Aldrich) in one-half of the necessary amount of deionized 
water (Nanopure 11, resistivity> 17.6 Mi2 cm). The sodium 
aluminate solutions were filtered through 0.2 pm polysulfone 
filter membranes (Gelman). 
Several grades of silica gel (Aldrich) were used as sources 
of silica in the syntheses. Physical property data on various 
grades of 'as-received' silica gel used in these syntheses are 
shown in Table 1. Two large-pore silica gels (grades 644 and 
62), one medium-pore silica gel (grade 634) and two small- 
pore silica gels (grades 923 and 12) were used in the investi- 
gation. Silica gels grade 634, 644 and 923 were processed to 
minimize or eliminate imp~rities.~' In addition, these silicas 
had identical particle size range, but different average pore 
diameters, surface areas, pore volumes (porosities) and water 
contents. Silica gels grade 12 and 62 had similar average pore 
diameters, surface areas, pore volumes and water contents to 
silica gels grade 923 and 644, respectively, but differed from 
the latter in their larger particle sizes and higher impurity 
levels. Thermogravimetric analysis was carried out using a 
Mettler TA3000 Thermal Analysis System consisting of 
TClOA TA processor and TG50 thermobalance to measure 
water contents of silica gels. 
The silica gels 'as received' or pretreated thermally and/or 
mechanically were used in reaction mixtures in the undissolved 
form. Silica particles were initially suspended in the deionized 
water and then sodium aluminate solution (made previously) 
was added to aqueous silica to form the reaction mixture. 
After adding sodium aluminate solutions to aqueous silica gel 
suspensions, the resulting mordenite reaction mixtures were 
aged for 20 min at room temperature with occasional shaking 
before syntheses were started. All syntheses were carried out 
hydrothermally without agitation in tightly sealed 7 ml Teflon- 
lined stainless-steel autoclaves at 175 & 2 "C. The products 
from the syntheses were filtered off, washed until the pH of 
the washing water was neutral and dried for 24 h at 80°C. 
Heat treatment of silica in air was done in a Thermolyne 
furnace, automatic model F47925. The samples placed in 
alumina crucibles were loaded into the furnace preheated to 
100°C, and the furnace was adjusted to reach the desired 
temperature. The furnace reached the set temperature in no 
more than 30 min. After 20 h at the desired temperature the 
samples were cooled to 100 "C overnight. Mechanical treat- 
ment of silica gels was accomplished by hand grinding of the 
samples using a small agate mortar and pestle. The size of 
the silica gel granules after grinding was verified under an 
optical microscope. X-Ray powder diffraction (Cu-Ka, GE 
XRD-5) was used to determine the crystalline phases present 
in the synthesized products and to verify the X-ray amorphous 
structures of 'as received' and heat-treated silica gels used in 
the syntheses. Analysis for the size and morphology of morden- 
ite crystals was done using optical (Olympus BH-2) and 
scanning electron microscopy (SEM, JEOL JSM-840). Crystal 
size distributions (CSDs) of mordenite crystals were estimated 
by measuring the lengths of 200 crystals. Chemical analysis 
of mordenite crystals was made using atomic absorption 
spectroscopy (AA, Perkin-Elmer 3 100) to estimate the 
Si02/A1,0, ratios (SARs) in mordenite products. The specific 
surface areas of silica gels used in mordenite syntheses were 
measured by titration of samples with 0.1 mol dmV3 sodium 
hydroxide in NaCl solution between pH 4 and 9.,' The 
samples of silica used in titrations were ground to reduce the 
time required to reach equilibrium. 
Results and Discussion 
All 'as-received' silica gels formed 100% mordenite after 2 
days at reaction temperature. Of the three silica gels treated 
to minimize or eliminate impurities, grade 644 with the largest 
average pore diameter yielded the smallest (max. size 35 pm) 
crystals, grade 634 with mid-range pore diameter produced 
larger (max. size 50pm) crystals, while grade 923 with the 
smallest average pore diameter resulted in the largest (max. 
size 60 pm) crystals. Of the higher-impurity level silica gels, 
grade 12 with a smaller average pore diameter produced 
larger mordenite crystals (max. size 40 pm) than did grade 62 
with a larger average pore diameter (max. crystal size 30 pm). 
However, small-pore silica gel grade 12 with a larger surface 
area produced smaller mordenite crystals than did the 
medium-pore silica gel grade 634 with the larger average pore 
diameter and smaller surface area. Therefore, no statistically 
significant correlation between mordenite crystal size and 
surface area, average pore diameter, pore volume, particle size 
range, or impurity levels in silica gels was found for investi- 
gated 'as-received' silicas, as expected from the limited number 
of experiments. It was found, however, that 'as received' silica 
gel granules with smaller average pore diameter and lower 
porosity tended to yield larger mordenite crystals than silica 
gels with larger average pore diameter and higher porosity, 
despite their larger surface areas. 
The influence of heat treatment of silica gels grade 644,634 
and 923 prior to synthesis on mordenite crystallization is 
shown in Table 2. Large-pore silica gel grade 644 heat-treated 
at 700 "C produced mordenite crystals with sizes up to 40 pm. 
These were only slightly larger than mordenite crystals formed 
from the 'as received' silica. Heat treatment of this silica gel 
at 800-900 "C resulted in considerably longer syntheses 
(Table 2) and produced large mordenite crystals (Fig. 1). At 
800 "C, and higher heat-treatment temperatures, zeolite P, 
formed in increasing amounts as a competing phase. It is 
hypothesized that as a result of the competition between 
mordenite and zeolite P,, the largest mordenite crystals did 
not grow as large (110 pm) at 900°C as at 850°C (130 pm). 
In the synthesis using silica gel heat-treated at 1000 "C, quartz 
formed in large amounts and only small amounts of zeolite 
P, and mordenite crystallized. Grade 644 silica gel substrate 
heated at 1000°C prior to crystallization did not show any 
signs of increased silica crystallinity. These results were the 
same for all silica gels investigated. 
Similar trends between heat-treatment temperature and 
crystallization were observed for medium-pore silica gel grade 
Table 1 Characterization of 'as-received' silica gels used in this study 
type of silica gel Davis i 1 Davisil chromatographic chromatographic chromatographic 
grade 644" grade 634" grade 923" grade 62 grade 12 
particle sizez9/pm 75- 150 75- 150 75-150 75-250 75-600 
average pore diameterz9/A 150 60 25 140 22 
surface areaz9/ mz g- 300 480 600 300 750 
pore volumez9/ cm3 g-' 1.15 0.75 0.40 1.15 0.43 
water content(wt.%) 6 8 5 6.1 8.3 
" Processed to minimize or eliminate impurities such as Fe, Al, Ti, Na.29 
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Table 2 Influence of heat treatment of silica gels grade 644, 634 and 923 prior to synthesis on crystallization of mordenite 
crystallization results obtained using heat-treated silica gel 
heat-treatment 
"C 
grade 634 (av. ~ 
pore diam. = 60 A) 
grade 923 (av.o 
pore diam. = 25 A) 
temperature/ grade 644 (av. 
pore diam. = 150 A) 
no heat treatment 
700 
800 
850 
900 
1000 
M 35 pm (2) 
M 40pm (2) 
A + m + p ( 2 )  
M 1 2 0 p m f p  (4) 
A + m + p ( 2 )  
M 130pm+p (4) 
A + m + p ( 2 )  
A + m + p ( 4 )  
(M 110 pm+P)  (6) 
A + m + p ( 2 )  
Q + m + p ( 4 )  
M 50 pm (2) 
M 60 pm (2) 
A + m ( 2 )  
M 80pm (4) 
A+(m+p)  (2) 
M 7 5 p m + p + q ( 4 )  
A + m + p ( 2 )  
( M  60 pm+Q)+p  (4) 
A + m + p ( 2 )  
Q + m + p ( 4 )  
M 60 pm (2) 
A + m + p ( 2 )  
M 80 pm+p  (4) 
A+(m+p)  (2) 
M 70 p m + q + p  (4) 
A + q + m + p  (2) 
Q + m + p O )  
A + m + p ( 2 )  
Q + m + ~ ( 4 )  
A + m + p ( 2 )  
Q + m + ~ ( 4 )  
A, M, P and Q refer to amorphous phase, mordenite, zeolite P, and quartz, respectively (upper case letters denote major phases in the product, 
lower case letters denote minor phases in the product). Letters in parentheses denote phases present in the product in approximately the same 
amounts. Numbers occurring after M refer to a maximum size of mordenite crystals. Numbers in parentheses refer to length of crystallization 
in days. 
Fig. 1 SEM image of mordenite obtained using silica gel grade 644 
heat-treated at 850 "C before crystallization 
634 used in syntheses. Heating at 700 "C resulted in 60 pm 
largest mordenite crystals; again, only slightly larger than 
mordenite crystals obtained using 'as-received' silica gel 
samples. Silica gel heated at 800°C formed crystals up to 
80 pm in size, grown at longer crystallization times. The 
increase of heat-treatment temperature above 800 "C resulted 
in increasing amounts of zeolite P, in the synthesized product, 
and at sufficiently high heat-treatment temperatures in the 
formation of quartz. Silica gel grade 634 heat-treated at 
1000°C produced quartz as a predominant phase in the 
crystalline product. 
Heat-treated small-pore silica gel grade 923 failed to pro- 
duce mordenite crystals substantially larger than those formed 
using the 'as-received' form. Instead, in crystallizations using 
silica gel heat treated at temperature as low as 700"C, zeolite 
P, started to form, followed by the appearance of quartz at 
800 "C. The largest, 80 pm, mordenite crystals were formed at 
700 "C, when only small amounts of zeolite P, also crystallized. 
The use of silica gel grade 923 heat treated at temperatures 
higher than 800 "C in crystallization resulted in the formation 
of large amounts of quartz, which, it can be hypothesized, 
limited the amount and size of mordenite crystals. 
The surface areas of heat-treated silica gels grade 644, 634 
and 923 measured by alkali titration and heights of 1.5 g 
samples of these silica gels placed in 0.5 int id bottles are 
shown in Table 3. Heat treatment at temperatures of 700 "C 
and above caused partial loss of both surface area and height 
of 1.5 g samples of all these silica gels. The decreasing height 
of silica samples indicated shrinkage of gels upon heating, 
implying also a necessary decrease of the pore volume in the 
gels. Taken in conjunction with the results of many studies, 
which showed no, or only little, change of average pore 
diameter of the remaining pores in silicas due to heating,31 
these results indicated that the decreasing surface area and 
pore volume in a given silica sample were determining the 
results of crystallization. 
Heat-treated silica gels grade 12 and 62, which were not 
processed to minimize or eliminate impurities, were also used 
in crystallizations. The influence of heat treatment on the 
surface area of these gels and on the crystallization results 
obtained using these gels as the source of silica is shown in 
Table4. Heat treatment of large-pore silica gel grade 62 at 
temperatures < 700 "C did not cause perceptible changes in its 
surface area, measured by titration with alkali, and resulted 
in only a slight increase in the size of the resulting mordenite 
crystals. Stronger bonds that develop at the contacts between 
the ultimate silica particles (increase in the coalescence factor) 
as a result of heat treatment31 could be responsible for 
increasing slightly the size of the mordenite product in these 
cases. A significant increase in the size of the mordenite 
crystals was observed when heat-treatment temperatures 
between 800 and 900°C were applied to this silica prior to its 
use in crystallizations. The size of the mordenite crystals 
reached a maximum of 175 pm with heat treatment at 850 "C, 
beyond which the size decreased, due presumably to crystalliz- 
ation of increasing amounts of zeolite P, competing with 
mordenite for the reagents. The crystallization of predomi- 
nantly quartz occurred when the heat-treatment temperature 
was 1000 "C. Changes in mordenite crystallization observed 
at treatment temperatures 3 800 "C corresponded to decreases 
in the surface areas of the silica gels. 
Heat treatment of small-pore silica gel grade 12 at tempera- 
tures up to 800°C did not result in significant increase of 
the size of synthesized mordenite crystals. In this case 
with increasing heat-treatment temperature, crystallization of 
mordenite with changing morphology was observed, as shown 
t 1 in ~ 2 . 5 4  cm. 
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Table 3 Surface area of silica gels grade 644, 634 and 923 measured by alkali titration and height of 1.5 g samples of these silica gels placed in 
0.5 in id bottles 
~~~ ~ 
grade 644 grade 634 grade 923 
hea t-t reatmen t 
temperature/ surface area/ height/ surface area/ height/ surface area/ height/ 
"C m2 g- '  cm mz g-' cm m2 g-' cm 
~ ~~ ~ ~~ 
no heat treatment 300 3.3 480 2.3 600 1.5 
700 280 3.0 405 2.1 450 1.4 
800 250 2.9 3 50 1.95 3 60 1.3 
850 245 2.6 235 1.65 240 1.3 
900 185 2.1 120 1.45 130 1.2 
1000 < 10 0.95 < 10 0.95 < 10 0.9 
Table 4 Influence of heat treatment of silica gels grade 62 and 12 prior to synthesis on the surface area of silica substrate and crystallization of 
mordenite 
heat- t reatmen t 
temperature/ 
"C 
silica gel grade 62 (av. pore diam. = 140 A) 
- 
product, 4 d 
synthesis 
surface 
area/m2 g- '  
silica gel grade 12 (av. pore diam.=22 A) 
product, 4 d 
synthesis 
surface 
area/mz g - 
no heat treatment 
350 
550 
650 
700 
800 
850 
900 
1000 
M 30pm 
M 40 pm 
M 40 pm 
M 160pm+p 
M 175pm+p 
M 125 pm+p  
- 
- 
Q + P + ~  
300 
300 
290 
260 
245 
200 
< 10 
- 
- 
M 40 pm 
M 40pm 
M 35 pm+p  
Q + P + ~  
Q + P + ~  
Q + P + ~  
- 
750 
725 
590 
450 
320 
40 
M, P and Q refer to mordenite, zeolite P, and quartz, respectively (upper case letters denote major phases in the product, lower case letters 
denote minor phases in the product). Numbers occurring after M refer to a maximum size of mordenite crystals. 
in Fig. 2. At heat-treatment temperatures of 550 "C and higher, 
zeolite P, started to form in increasing amounts as an impurity. 
At 650°C quartz started to crystallize and became the pre- 
dominant phase when this silica source was preheated to 
800 "C. Changes, first appearing in the morphology of morden- 
ite crystals and later in the type of product synthesized, 
corresponded to decreases in the surface areas of the silica 
gels used in the crystallizations. 
There was a qualitative correlation between surface area of 
a given silica gel sample and the crystallization results 
obtained using it. That is, with decreasing surface area of a 
given silica substrate, larger mordenite crystals were formed 
from the synthesis using that substrate. When the surface area 
decreased too much, formation of zeolite P, and quartz took 
place. However, there was no quantitative correlation between 
different silica gel substrates. That is, different silica gels with 
similar surface areas resulted in crystallization of substantially 
different mordenite crystal sizes, and/or in different crystalline 
products. Similar results were observed for silicic acid sub- 
strates used in mordenite syntheses,28 confirming that the 
surface area alone is not responsible for the observed crystalliz- 
ation results. The combination of the amount and ready 
accessibility of this surface area (both present for large-pore 
silicas) appears to be crucial in the investigated crystallization. 
Relatively high surface areas of heat-treated small pore silica 
gels for which the formation of zeolite P, and quartz occurred 
(Tables 2-4) indicated that diffusion limitations may play an 
important role in mordenite synthesis from undissolved 
porous silica substrates. 
Fig. 3 shows a comparison of the CSDs of mordenite 
products obtained from 'as received' and heated at 800°C 
silica gels grades 644 and 62. The CSDs of large mordenite 
crystals obtained from silica gels heated at 800°C were much 
broader than the distributions of smaller crystals grown from 
'as-received' silicas. A similar trend of relatively narrow CSDS 
of smaller crystals synthesized from typical reaction mixtures, 
Fig. 2 SEM images of mordenite obtained using silica gel grade 12 
(a) 'as received'; (b) heat-treated at 550 "C before crystallization 
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Fig.3 Crystal size distributions of mordenite obtained using (a) ‘as 
received’ silica gel grade 644; (b) silica gel grade 644 heat-treated at 
800 “C; (c) ‘as received’ silica gel grade 62; (d) silica gel grade 62 heat- 
treated at 800 “C 
compared to broad CSDs of larger crystals obtained from 
reaction mixtures modified with a nucleation control agent, 
was reported for zeolite A grown in the presence of triethanol- 
amine,13 and other aluminium-complexing agents.” 
The comparison of SARs of mordenite products obtained 
from silica gels, grades 644 and 62, ‘as received’ and heated 
at 800 “C is shown in Table 5. The SAR of mordenite products 
was almost the same regardless of the size of crystals forming 
them, and lower than the initial SAR of reaction mixture, 
which is consistent with the results of other  investigation^.^^,^^ 
A very similar SAR of differently sized mordenite products 
obtained from reaction mixtures with the same initial SAR 
seems to confirm the dependence of mordenite A1 content on 
the initial overall composition and alkalinity of reaction 
mixture expressed as (OH-/H,O) x (Si02/A1203).34 
The crystallization results obtained using all the investigated 
silica gels showed that the synthesis of large mordenite crystals 
from the reaction mixtures studied by preheating the silica 
source was possible only using large-pore silicas, regardless 
of the impurity levels. Heating silica gels at insufficiently high 
temperatures did not substantially change crystallization com- 
pared with the results obtained using ‘as-received’ silica gels, 
because the surface area did not decrease sufficiently. Heat 
treatment of silica gels at ‘sufficiently’ high temperatures, 
however, resulted in longer syntheses, producing mordenite 
crystals with increasing sizes. At these temperatures the size 
Table 5 SiO2/AI20, ratios (SARs) in mordenite products obtained 
using ‘as received’ and heat-treated silica gels grade 644 and 62 
silica gel SAR of mordenite product 
grade 644, ‘as received’ 
grade 644, heated at 800 “C 
grade 62, ‘as received’ 
grade 62, heated at 800°C 
14.2 
14.1 
13.4 
14.0 
of mordenite crystals increased with heat-treatment tempera- 
ture, corresponding to a substantial decrease of the surface 
area of the silica substrates. Further increases in heat-treat- 
ment temperature resulted in zeolite P, and quartz forming 
in increasing amounts. This limited the amount and size of 
mordenite formed. Both the heat-treatment temperatures at 
which larger mordenite crystals started to grow and at which 
zeolite P, and quartz started to form were lower for small- 
pore silica gel granules than for the medium- and large-pore 
silica gels. This is consistent with observations that the 
sintering temperature is lower for gels with smaller pores.31 
The changes in medium- and small-pore silica gels induced 
by heat treatment did not appear to result in significant 
increases in the sizes of mordenite crystals. 
These trends can be explained by assuming that the dissolu- 
tion of silica is the step determining the nucleation of morden- 
ite in the investigated synthesis and that the combination of 
size of the pores and the amount of silica surface area controls 
the rate of dissolution of silica. ‘As-received’ large-pore silica 
gels produced smaller mordenite crystals than ‘as-received’ 
small-pore silica gels despite their lower surface areas, because 
larger pores in these silicas allowed faster dissolution of silica 
and transport to the bulk. After heating, the surface areas of 
the studied silica gels decreased, with the average pore diam- 
eter of the remaining pores staying nearly the same.31 This 
decreased the rate of dissolution of silica, resulting in fewer 
nuclei formed and crystallization of larger mordenite crystals. 
Heat treatment of small-pore silica gel granules did not result 
in the synthesis of large mordenite crystals, but did result in 
the formation of quartz and zeolite P,. This was likely due to 
the fact that even quite large surface areas of small pore silicas 
were apparently not readily accessible to dissolution, and thus 
the ‘effective surface areas’ were not sufficiently large to create 
supersaturations, favouring nucleation and growth of morden- 
ite. Zeolite P, probably formed when SAR in solution phase 
was lower than that, favouring mordenite synthesis. Formation 
of quartz using silica gels heat treated at high temperatures 
may have been the result of formation of small organized 
domains induced by heating in X-ray amorphous gels with 
structures resembling crystalline silica,31 which could act as 
precursors in amorphous silicajquartz transformation during 
hydro thermal treatment. 
Heat and Mechanical Treatment 
The influence of the combination of heat and mechanical 
treatment of silica gels grades 12 and 62, prior to zeolite 
synthesis, on mordenite crystallization also was investigated. 
One sample of silica gel grade 12 was ground before heat 
treatment at 700 “C, while another sample was ground after 
the heat treatment. The crystallization results obtained using 
these samples were compared to the results obtained using a 
sample of silica grade 12 heat-treated only (Table 6). Heat 
treatment with no mechanical treatment resulted in the forma- 
tion of predominantly quartz after 4 days of crystallization. 
Combinations of grinding and heat treatment of silica gel 
before zeolite synthesis produced different results. Silica gel 
sample ground before heat treatment produced 35 pm mord- 
enite crystals and quartz in approximately equal amounts. 
Grinding of silica gel sample after heat treatment resulted in 
formation of 40 pm mordenite crystals and only small amounts 
of zeolite P,. 
Silica gel grade 62 ground after heating at 800 “C produced 
mordenite crystals with sizes up to 100 pm, in contrast to the 
‘heat-treated only’ silica gel sample, producing mordenite 
crystals up to 160 pm in size and a small amount of zeolite 
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Table 6 Influence of combination of heat and mechanical treatment of silica gel grade 12 on crystallization of mordenite 
type of treatment of initial appearance of surface area of silica product of crystallization 
silica substrate reaction mixture substrate/m2 g- '  
heated at 700 "C with settling suspension with majority of 260 A(1)  
no mechanical A + m +p(2)  
treatment Q + m + ~ ( 4 )  
intact 75-600 pm silica particles 
ground before heat 
treatment at 700 "C 
ground after heat 
treatment at 700 "C 
settling suspension with majority of 
broken 5-10 pm silica particles 
settling suspension with majority of 
broken 5-10 pm silica particles 
3 20 
3 20 
A, M, P and Q refer to amorphous phase, mordenite, zeolite P, and quartz, respectively (upper case letters denote major phases in the product, 
lower case letters denote minor phases in the product). Letters in parentheses denote phases present in the product in approximately the same 
amounts. Numbers occurring after M refer to a maximum size of mordenite crystals. Numbers in parentheses refer to length of crystallization 
in days. 
P,, as shown in Table 7 and Fig. 4. These results suggested 
that mordenite crystal size could be controlled using the 
combination of heat and mechanical treatment of silica gels 
before their use in syntheses. 
The surface areas of silica gel grade 12 samples ground 
before and after heat treatment, measured by alkali titration, 
were the same in both cases, but both were larger than the 
surface area of silica gel which was heat-treated only and not 
ground before a titration (Table 6 ) .  The small pores of this 
silica may have prevented equilibration in the alkali titration 
used to measure surface area. The surface area of silica gel 
grade 62 ground after heating was identical to the surface 
area of the same type of silica gel composed of intact silica 
granules, as shown in Table7. In this case the pores of the 
silica gel were probably large enough to allow equilibration 
in the alkali titration. (The increase in surface area of granules 
which had large internal surface caused by grinding may have 
been too small to be registered by titration.) In all cases, 
however, the time necessary to complete titrations was longer 
for silica samples with intact granules than for the ground 
silica samples. The results of these measurements indicated 
that the different crystallization results obtained using ground 
and intact silicas were probably not caused by the differences 
in their surface areas. More likely, the reduced size of the 
granules due to grinding decreased the length of path which 
OH - and/or dissolved silica must travel inside the silica 
particle before going into solution, increasing, therefore, the 
amount of silica surface readily available to dissolution. This 
increased the supersaturation in the crystallizing system, 
resulting in a higher nucleation rate of mordenite (thus, 
producing smaller mordenite crystals in the case of large-pore 
silica and producing mordenite instead of quartz in the case 
of small-pore silica). Different crystalline products obtained 
using silica gel grade 12 ground before and after heat treatment 
might have been caused by the different sizes of ground 
particles in these silica samples and/or by different bond 
strengths between the ultimate particles in silica substrates as 
Fig. 4 SEM images of mordenite obtained using silica gel grade 62 
(a) heat-treated at 800 "C before crystallization; (b) heat-treated at 
*O0 OC and ground before crysta11ization 
Table 7 Influence of combination of heat and mechanical treatment of silica gel grade 62 on crystallization of mordenite 
type of treatment of initial appearance of reaction mixture surface area of silica product of crystallization 
silica substrate substrate/m2 g- '  
heated at 800 "C with no 
mechanical treatment 
settling suspension with intact 
75-250 pm silica particles 
260 A+m(2)  
M 160pm+p(4) 
ground after heating at settling suspension with majority of 260 A+m(2) 
800 "C broken 5-10 pm silica particles M lOOpm(4) 
A, M and P refer to amorphous phase, mordenite and zeolite P,, respectively (upper case letters denote major phases in the product, lower 
case letters denote minor phases in the product). Numbers occurring after M refer to a maximum size of mordenite crystals. Numbers in 
parentheses refer to length of crystallization in days. 
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a result of different sequences of heat and mechanical treat- 
ment of silica gels. 
Conclusions 
Control of the size of mordenite crystals and growth of large 
mordenite crystals was possible without the need for com- 
plexing agents using porous silica gel particles. Large crystals 
of mordenite were grown using a very simple method, 
employing heat treatment of silica gels in air at temperatures 
in the range 800-900 "C, prior to their use in zeolite crystalliza- 
tions from heterogeneous aluminosilicate reaction mixtures 
containing undissolved silica particles. Heat treatment of silica 
gels resulted in a decrease in the specific surface area and the 
associated pore volume of silica particles, but left the average 
pore diameter unchanged. These alterations caused slower 
dissolution of silica, thus decreasing the mordenite nucleation 
and crystallization rates, and in some cases produced large 
mordenite crystals. 
For the reaction composition used in this investigation 
large-pore silica gels were better than small-or medium-pore 
silica gels in facilitating the growth of large mordenite crystals 
using the method of heat treatment of the porous silita 
particles in air prior to synthesis. Large-pore (140 and 150 A) 
silica gels were found to be the most suitable, producing 
crystals of mordevite up to 175 pm in size upon heating. 
Medium-pore ( 6 0  A) silica gel was less suitable to use in this 
method, resulting in cryst+ up to 80 pm in size upon heating. 
Small-pore (22 and 25 A) silica gels could not be used to 
increase the size of mordenite crystals significantly by heating 
them at elevated temperatures prior to use in crystallizations. 
These results suggested the importance of the initial average 
pore diameter and limited surface area of silica gel particles 
in successful growth of large mordenite crystals using the 
method of heat treatment of porous silica prior to its use in 
zeolite crystallization, at least for the investigated reaction 
composition. 
Grinding of heat-treated silica gels before their use in 
mordenite syntheses altered the crystallization results, produc- 
ing smaller mordenite crystals in one case and yielding 
mordenite instead of quartz in other cases. These results 
further confirmed the possibility that the combination of silica 
surface available to the dissolution and the limitations of 
diffusion of O H -  into and/or depolymerized silica out of the 
pores of polymerized silica particles can very effectively control 
the crystallization of mordenite, and under some circum- 
stances promote the growth of large mordenite crystals. 
The authors acknowledge the financial support of NASA 
through the Battelle (Columbus) Center for the Commercial 
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